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submitted to the Journal of Geophysical Research and has been pre-
pared in the style of that journal. The second manuscript, page s 19 -3 9, 
has been prepared in the style of Economic Geology, where it has b een 
accepted for publication. 
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ABSTRACT 
Noble gas mass spectrometry was used to study rare nuclear 
processes in terrestrial rocks and minerals. An excess of 36Ar was 
detected in a chlorine-rich rock. The excess 3 6 Ar has been produced 
in rocks near the earth's surface due to capture of cosmic-ray-
produced neutrons on 3 5cl. Measurement of 3 6 Ar formed by t he 
35Cl(n, -y)36cl(f3- )36Ar process makes poss ible a new method f or deter-
mining the surface residence time of chlorine-rich minerals. 
Excess 82Kr and excess 83Kr were detected in selenium -rich 
ores. The excess 82Kr results from double beta decay of 8 2se, and 
the half-life for this process was determined to be (2. 76 ± 0. 88)10 20 
years. The excess 83Kr results from neutron capture reactions on 
82se. The amounts of excess 8 3 Kr in selenium ores are compared with 
the amounts of excess 129xe and excess 13lxe in tellurium ores to show 
that these two xenon isotopes are the product of neutron capture reac-
tions on tellurium. 
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INT RODUC TION 
The surface of the earth 1s exposed to a natural neutron flux due 
to cosmic rays. Most of the cosmic-ray produc e d neutrons are cap-
tured in the atmos phere . Of those which reach the earth's surface, 
most a re a bsorbed within the first three meters of the crust . If the 
s urfac e rock contains > 0. So/o chlorine, the isoto p e, 3 5cl, is expected 
to a b s orb :::::: 75o/o of the neutrons and form the 3 08,000 year half -life 
isotope, 36cl. 
The work r e port ed in P art I of this thesis was undertaken to see 
if excess 36Ar f rom the decay of 3 6 c1 could be detected in surface rock 
and to us e the amount o f excess 3 6Ar to calculate the in tegrate d n e u-
tron flux acting on surface rocks. This neutron flux was compared 
with the current neutron f lux measured at the earth's surface with radi-
a t i on counters. 
Recent work by members of this research gr oup have e stablish-
ed the half-life for double beta decay of 130Te and the utility o f this d e -
cay for dating tellurium-rich ores was noted. Doubt s over th e tentative 
value reported for the half-life of 8 2se have prevented similar dating of 
selenium-rich ores. The work reported in Part II was undertaken to 
better establish the half-life for the double beta decay of 82se and to 
look for excess 83 Kr from natural neutron capture re a ctions on 82se. 
Prior analyses of tellurium ore s revealed excess 129xe and excess 
13lxe which were attributed to s everal different processes, including 
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neutron capture. Evidence for neutron capture reactions in nature was 
reexamined by comparing the neutron capture cross -sections and con-
centrations of 82se, 128Te and 130Te with the amounts of excess 83Kr, 
129xe and 13lxe in ores. The thermal neutron capture cross section of 
130 Te was measured relative to that of 1Z7r by irradiating a mixture of 
tellurium and iodine in the reactor and measuring the pil e -produced 
13lxe and 128xe mass spectrometrically. 
PART I 
A RGON-36 FROM NEUTRON CAPTURE 
ON CHLORINE IN N AT URE 




Argon analyses on a sample of socialite from Dungannon, 
Ontario reveal an excess of 36 Ar from neutron capture on 35 c1 and ex-
cess 40Ar from the decay of 40K. These results indicate an ave rage 
production rate of 5. 9 x 102 atoms of 3 6cl per year per gram of chlo-
rine over the age of the mineral, 3. 70 x 108 yrs. The surface resi-
dence time of chlorine-rich rocks may be determined from the amounts 




Elements in the surface material of the earth are exposed to a 
natural neutron flux due to the interactions of cosmic rays with matter, 
to neutron emission in the spontaneous fission of uranium, and to (a, n) 
reactions in rocks containing elements which emit a-particles. The 
first studies of this natural neutron flux [Locher, 1933; Rumbaugh and 
Locher, 1936] were undertaken shortly after Chadwick's [1932] dis-
covery of the neutron, and recognition of the potential utility for age 
determinations with radiocarbon from the 14 N(n, p)l4c reaction in the 
atmosphere [Libby, 1946] resulted in numerous studies of cosm ic-ray 
produced neutrons in the atmosphere. The results of several investi -
gations, showing the dependency of cosmic-ray neutrons on altitude and 
latitude, are summarized by Lingenfelter [1963] and Haymes [19 65]. 
Haymes [1965] notes that most of the cosmic-ray produced neu-
trons are captured in the atmosphere, and only a small fraction of 
these neutrons are captured by elements of the solid earth. N eve rthe-
less, in surface rocks the neutron production rate fr om cosmic rays is 
generally higher than the neutron production rate fro m natural radio-
activity. For example, at ;::;; 41°N the production rate of neutrons in 
surface rock near sea-level, ~ 10 3 neutrons g- 1 yr- 1 [Montgomery and 
Tobey, 1949] is about 40 times t he production rate of neutrons from the 
radioactivity of a t y pical granite [Morrison and Pine, 1955], and at the 
average continental elevation of 840 m the production rate of neutrons 
in surface rock from cosmic rays is approximately one hundred times 
that of typical g r anite [M iles, 1964]. Since the neutron-producing com-
ponent of cosmic rays has an absorption mean free path of 165 g/cm2 
[Miles, 1964], neutron production from cosmic rays exceeds that from 
the natural radioactivity of average crustal rocks in only the fi rst 
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2-3 m. Quantitative measurements of the integrated neutron f lux which 
has acted on rocks may therefore provide information on their surface 
residence time . 
Chlorine absorbs a major portion of neutrons in rocks contain -
ing> 0. 5o/o chlorine . The isotope, 35cl, has a thermal neutron c ross 
section of 44 barns to produce the 308,000 year half-life chlorine iso-
to p e, 36cl [Lederer et al. , 1967]. Davis and Schaeffer [1955] a nd B agge 
and Willkomm [1966] have measured the activity of 3 6cl in chlo rine-rich 
surface samples and compared this with the saturation activity expected 
from cosmic-ray produced neutrons to calculate the sur fa c e residenc e 
time. Davis and Schaeffer [1955] note that the half-life of 36cl is con-
venient for studies of geo l ogical processes of the ear ly Pleistoc ene 
glacial epoch , including events which occurred 60,0 00-1,000,000 years 
ago and therefore not convenient for dating by the 14 c method. 
Previous studies in this laboratory on the isotopic composition 
of xenon and krypton in terrestr ial ores h a ve revealed neutron capture 
products ranging in amount from that expected in typical rocks 
[Srinivas an et al. 1971] up to :::= 10 4 times that expected in typical rocks 
[Srinivasan et al., 1972a, b]. It has been suggested by Takagi~ al. 
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[1967] that the excess 12 9 xe and 13 lxe in tellurium ores may result from 
violent explo sio ns which occurr ed in our galaxy as recently as 20m. y . 
a go and cau sed an increased flux of negative muons and their seconda ry 
ne utro ns d ee p i n t he earth. 
T h is s t u d y o n t he is o t opic c o m positio n o f argon in socialite was 
u n d er t a k en in ord e r t o see if excess 3 6 Ar c o u ld be detected and to com-
p a r e t he integrated ne u t ro n flu x r e q uired to acc o unt for the amounts of 
excess 3 6 Ar w ith the c u rrent ne u t ro n f l ux acting on surface rocks. 
2. A N A L YTIC A L M ETHODS 
A pp r o xim ately 7 5 g o f s oci a l ite were made available for this 
s t u d y b y the D i vis io n o f M ine r alo gy of the National M useum of Histor y , 
W as h i ng t o n, D . C. T h is s ocia l ite, catalogue No. 75 980 by the 
Smiths onian I n s titute, w as tak en near the surface o f the Princess Soda -
l ite M ine at D u ngannon, O ntario ( L ouis M oyd, perso n a l communicatio n , 
1972 ) . 
a. N o bl e gas analyses. In order to determine the pr e s e nce 
and a p pr o ximate release tem p erature of excess 3 6Ar , argon was e x -
tracted b y step wise heating of a single piec e of socialite. The argon 
rel eased at each extraction tem perature was analyz e d statically in a 
glass 60° mass spectrometer with a 4. 5 inch radius of curvatur e 
[Reynolds, 1956]. The sample u s e d for this initia l study, S a mple 1, 
weighed 11. 917 g. The concentration and isotopic composition of argon 
released at progressively increasing extraction temperatures of 600°, 
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800° , 1200° and l 4 00°C were measured b y the method described earlier 
[Manuel et a l. , 19 7 0]. 
A pproxin1ate l y 15 gr a ms of socia lite were crushed in a mortar 
and pestl e to -50 mesh size and an aliquot of this weighing 7. 2 66 g was 
used as Sample 2. The argon w as extracted in two steps , at 800°C and 
1400°C , and ana l y zed in the manner em plo yed for Sample l. I n order 
to determine K- A r age, the integrated neutron f lux , and the ne utron 
flux expected from natur a l radioactivit y , other aliquots were a nal y z e d 
for chlor ine , potassium and ur anium. 
b. Chlorine analysis. Duplicate a l iquots of the crushed socialite 
sample, weighing a pproximately 1 g each, w e re anal yzed for c hlorine 
gravimetrically using the method of Koltoff and Sandell [1963]. Briefly, 
th e method consists of a N a C03 fusion followed b y precipitation of the 
chloride using Ag N03. The precip itate was redissolved with NH40H, 
filtered and the filtrate acidified . The resultant precipitate was fil-
tered on tared filter p a p e r, dri e d and weighed. 
c . Potassium analysis. An a liquot of crushed socialit e weighing 
0.1000 g w as analyzed for potassium by atomic a bsorption. The ali-
quot w as mixed with 2 ml HF and the mixture was heated to dryness. 
The residue was dissolv e d in 10 ml of SNHCl and diluted to 100 ml b y 
the addition of a lo/o solution of ( NH4 ) 2HP04 . This solution was ana-
lyz ed, together with potassium standards in the range of 0. 5 to 10 ppm, 
on a Perkin Elmer 3 05 A atomic absorption unit operated in the 
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emission mode. A reagent blank consisting of 10 ml of 5N HCl and 
90 ml of lo/o (NH4)2HP04 was used to zero the instrument. 
d. Uranium analysis. An aliquot of the crushed socialite weigh-
ing 0. 3611 g was analyzed for uranium by neutron activation. The 
method consists of irradiating the sample with uranium monitors for 
30 minutes at a flux of:::::: 2 x 1012 n/cm 2 sec and beta counting 131-1351 
from neutron induced fission of uranium. Becker et al. [1968] give the 
experimental details. 
3. RESULTS AND DISCUSSION 
The results of our analyses are g1ven in Table 1. Th e amounts 
of excess 36Ar and excess 4°Ar, shown as 3 6rAr and 40rAr, respec-
tively, were calculated from the following equation: 
= 
. 38 . 38 38 [(lAr/ Ar)sod. - (lAr/ Ar)air] [ Ar]sod. ( 1) 
where i is the mass number of the isotope and the concentration of 3 8 A r 
per gram of socialite is represented by [ 3 8Ar]sod. Due to variations 1n 
the sensitivity of the mass spectrometer, the [ 38Ar] d values are so . 
reliable to within± 20o/o, and the errors shown on the isotope ratios rep-
resent one standard deviation(± <Y) due to statistical variations in the 
spectrometer signal and in the mass discrimination correction. 
The results of our initial noble gas analysis on socialite, Sam-
ple 1, demonstrated the presence of excess 36Ar and indicated that the 
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bulk of this 36 rAr is released at extraction temperatures> 800°C. 
Therefore, only two gas extraction temperatures wer e used for the ali-
quot of crushed socialite, Sample 2. The argon released a t 800°C ap-
peared to be primarily atmospheric contamination plus some radiogenic 
40 Ar. At 1400°C, where the sample melted, a prominent enrichment of 
both 36Ar and 40 Ar was observed. The total amounts of 36r A r in Sam-
ple 1 and Sample 2, (2. 81 ± l. 63) x lo- 10 cc STP/g and (2. 11 ± 0. 64) x 
lo- 10 cc STP/g, respectively, agree within the error limits of the mea-
surements. However, Sample 1 contained about 4 times as much 4 0r Ar 
as did Sample 2. This difference may be due to differ ences in the rela-
tive amounts of potassium-rich feldspathoids in the two samples 
[Hurlbut, 1959]. Since we have analyzed for potassium, chlorine and 
uranium in other aliquots of Sample 2, but have no quantitative informa-
tion on the content of these elements in Sample l, we will use the argon 
data from Sample 2 to calculate the K-Ar age and the integrated neutron 
flux for the socialite. 
The K-Ar age of the crushed socialite sample can be calculated 
from the concentrations of potassium and 40 r Ar given in Table l. As -
suming the potassium to be of normal isotopic composition, the half-life 
of 40K to be l. 26 x 109 yr, and percentage of 4 °K decaying to 40 Ar to be 
llo/0 [Lederer~ al., 1967], we obtain an age equal to (0 . 37 ± 0. 07) x 
10 9 yr. 
If all of the 36r Ar is due to neutron capture reactions on chlo-
rine, the above age can be used with the chlorine and 36 r Ar content of 
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Sample 2 to obtain the average production rate of 36rAr . Fr om the 
total argon in Sample 2 we find that [36r A r]sod. = (2.11 ± 0. 6 4 ) x 10-lO 
cc STP/ g, which requires an average produc tion rate of 590 ± 2 10 atoms 
of 36 r Ar per gram of chlorine per yea.r over the pas t 370 x 106 yr. 
Since gas loss over geologic time would reduce the content of both 40rAr 
and 36 rAr, this process would cause ver y little error in the calculated 
production rate for 3 6r Ar. 
The neutron flux acting on the socialite can b e obtained f rom the 
produc t ion rate of 3 6rAr and the cross-section of 3 5c1 for neut ron cap-
ture. If the bulk of the neutron capture reactions on 35cl in the soda-
lite occurs for thermal neutrons, then the data shown in Table 1 for 
Sample 2 indicates an average neutron flux of (1. 0 ± 0. 4) x 103 neutrons/ 
cm2 yr. Alternately we can estimate the average neutron density di-
rectly from the amount of 36r Ar and the age of the socialite. Fo r this 
calculation we use the model of Davis and Schaeffer [1955], where the 
number of neutrons absorbed per gram of material is assumed to be 
equal to the number of neutrons produc ed by c o smic rays per gram. In 
chemically pure socialite, Na4 (A1Si04 )3 Cl [Hurlbut, 1959], the chlorine 
content is 7. 3o/o but this element captures 91% of all the rmal neutrons 
a ccording to the neutron capture cross -sections given by Lederer et al. 
[1967] . Davis and Schaeffer [1955] have shown that chlorine captures 30% 
of the neutrons in nepheline-socialite syenite containing only 0. 35o/o 
chlorine. Lacking complete analytical data on all elements in our sam-
ples, we assume that ~ 75o/o of al l thermal neutrons are captured by 
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chlorine and that the density of our socialite samples are::::::: 2. 5 glcm3. 
These assumptions and the data in Table 1 indicate an average neutron 
density of 510 ± 180 neutrons I g yr . By comparison, a uranium cone en -
tration of 1. 6 ppm is expected to produc e ::::::: 0. 8 neutrons I g y r fr om 
spontaneous fission and:::::::: 16 neutrons/g yr from (ex, n) r eac tions [Davis 
and Schaeffer, 1955]. Thus, the 3 6rAr observed in this exp e riment 
appears to be the product of cosmic-ray produced neutrons. 
The results of our measurement of the average number of neu-
trons acting on socialite over the past 370 x 10 6 y r are generally low e r 
than estimates of the present-day neutrons acting on sur f ace rock. For 
example, the work of Montgomer y and Tobey [1949] indicates a neutron 
production rate of ::::::: 950 neutrons I g yr at sea l evel, and the production 
rate of radiocarbon near sea level, 4. 75 x lo- 27 14 c per sec per 14N 
atom [Gold, 1968], is equivalent to 8. 2 x 104 neutrons/cm 2 year if the 
eros s- section for the 14 N{n, p)l4 c reaction is 1. 81 barns [Lederer~ al., 
1967]. The lower average neutron flux indicated by t he amount of 3 6r Ar 
in socialite may result from partial shielding b y a rock overburden 
during part of the 3 70 x 106 yr history of the samples . However, our 
results show no indication of any increased neutron f lux during the past 
6 3 70 x 10 yr. This interval includes the 90 x 10 6 yr age of one of the 
tellurium ores where neutron capture products have been attributed to 
a high neutron flux from explosions in our galaxy [Takagi~ al., 1967]. 
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4. CONCLUSIONS 
The major objectives of this work was to detect excess 3 6A r 
arising from capture of cosmic-ray produc ed neutrons in surface rock 
and to compare the integrated neutron flux over the age of the rock with 
the current neutron flux acting on s urface rocks. Our results can be 
summarized as follows: 
a) N eutron-captur e produced 3 6Ar can be detected in chlorine-
rich surface rocks. Therefore, measurements of 3 6r Ar and chlorine 
can be us ed with information on the surface neutron flux to measure the 
s ur face residence time of rocks. 
b) The average neutron flux, 1 x 103 neutrons I em 2 yr, acting on 
th e socialite used in this study shows no evidence for the high neutron 
f lux propos ed by Takagi~ al. [1967] to account for the high concentra-
tions of neutron-capture products in tellurium ores. 
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Table 1. Argon, Chlorine, Potassium and Uranium in Sodalite from Dungannon, Ontario 
Sample 1 Sample 2 
600°C 800°C 1200°C 1400°C 800°C 1400°C 
5. 43 ± 0 . 02 5. 38 ± 0. 06 5.89±0.06 5. 63 ± 0. 10 5.35±0.01 5.61±0.01 
=1. 00 =1. 00 =1. 00 =1. 00 =1. 00 =1. 00 
1712 ± 13 7314 ± 26 25,500 ± 1, 100 32, 100 ± 1, 100 2598 ± 5 5856 ± 40 
2.41±0.48 17.4±3.5 3.24±0.65 1. 26 ± 0. 25 17.3±3.5 8. 13 ± 1. 63 
0. 19 ± 0. 07 0. 52± 1. 05 1. 75 ± 0. 37 0. 35 ± 0. 14 0. 00 ± 0. 21 2. ll ± 0. 43 
0. 32 :t 0. 07 100 ± 20 77 ± 16 38 :t 8 17.6:t3.5 34. 8 :t 7. 0 
-------- 2. 6 :t 0. 2o/o 
---- ---- 0. 31 :t 0. Olo/o 
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Abstract 
The half -life for the double beta decay of Se82 is determined to 
be (2. 76 ± 0. 88)1020 years from an analysis of krypton and selenium in 
tellurobismuthite from Boliden, Sweden. A redetermination of sele-
nium and krypton in urnangite from Habri, Western Moravia, also in-
dicates a longer half-life for Se 82 than the preliminary value of 
1. 4 x 1020 years reported earlier. The amounts of neutron capture pro-
ducts observed in the umangite and tellurobismuthite requires a n1 uch 
higher natural neutron flux in these ores than that reported in granites. 
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Introduction 
In a recent article Srinivasan~ al. (1972a) have reported the 
half -life for double beta decay of Te13 O, tiJ ~ = (2. 83 ± 0. 3 0) 1 o21 years, 
and demonstrated the _utility of Te130 -Xe130 dating for hydrothermal 
deposits rich in tellurium. They also noted the need for an accurate 
determination of the half-life for the !3!3-decay of Se82 to Kr 82 in order 
to establish the Se82 -Kr 82 dating method for selenium-rich ores. 
Earlier Kirsten and Muller (1969) had determined the isotopic c omposi-
tion of krypton in six different selenium ores and had obtained c lear 
evidence for the !3!3-decay of Se 82 . From an analysis of umangite from 
Habri, Western Moravia, Kirsten and Muller calculated a preliminary 
value for the Se 82(!3-!3-)Kr82 process, t~f2 = 1.4 x 1020 years. They 
noted that their experimental value of t~f2 is near the lower limit pre-
dicted by the Dirac theory for !3!3-decay. Kirsten (1970) has discussed 
the implications of the measured half-lives of Se82 and Te130 regarding 
the nature of the neutrinos accompanying !3!3-decay and the nuclear 
matrix elements of Se82 and Tel30. 
In order to better establish the half-life of Se82 , we analyzed 
selenium and krypton in two samples of tellurobismuthite which had 
earlier been analyzed for tellurium and xenon (Srinivasan et al. , 
1972b). In this manner the relat ive half-lives of S e 82 and Tel30 could 
be determined independently of any error in the age of the ore. Fur-
ther, the hypothesis that neutron capture reactions are responsible for 
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the production of Xe 12 9 and Xe 13 1 in tellurium ores could be tested by 
83 looking for Kr from neutron capture on selenium. Since our results 
showed a lower Xe131Jxe12 9 ratio than predicted from thermal neutron 
capture cross-sections and normal isotopic abundances of tellurium 
(Chart of the Nuclides, 1968), the thermal neutron capture cross-
section of Te130 was measured relative to that of r12 7. To further 
check the half-life of Se82 , we also analyzed a sample of umangite fron1 
Habri, Western Mor avia. 
Experimental Procedure 
Tellurobismuthite, Boliden, Sweden: Dr. Erland Grip of the 
Boliden Mining Company, Boliden, Sweden, supplied approxin1ately 
100 g of tellurobismuthite. A part of the sample was crushed in a mor-
tar and pestle and the magnetic fraction removed with a hand magnet. 
Shiny flakes were removed by hand from the rest of the sample and 
analyzed separately. Noble gas analyses were performed on a 1. 0746 g 
sample of the crushed, nonmagnetic mineral of size -50 to +200 mesh 
(sample 25. 2A) and on a 1. 2270 g sample of the hand-picked shiny 
flakes (sample 25.1B). 
Umangite, Habri, Western Moravia: A sample of umangite 
(copper selenide) was purchased from Southwest Scientific Company, 
Montana. This sample was cr ushed in a mortar and pestle to approxi-
mately -50 mesh size and separated by flotation into two fractions by 
the u se of methylene iodide (density= 3. 3 g/cc). An aliquot of the 
denser fraction(> 3. 3 g/cc) weighing 1. 013 g was used for noble gas 
analysis. 
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Tellu rium and Iodine: Appropriate amounts of analytical g r a d e 
te l lurium and potassium iodide were prepared for irradiation s uc h that 
12 7 128 - 128 ~:' thermal neutron capture reactions, I (n, )')I (f3 )Xe and 
Te130(n, )')Te131(f3-)I131(f3-)Xe13 P:', would produce Xe128 ~:'/xe 131* ;:::; 1. 00 
if the thermal neutron capture cross-sections of Te130 and I127 a r e 
accurate as reported in the literature (Chart of the Nuclides, 19 68 ). 
Sample 1 consisted of 0. 8174 g of tellurium a nd 0. 0133 g of pot a ssiu m 
iodide. S ample 2 contained 0. 8198 g of tellurium and 0. 0138 g of potas -
sium iodide. 
Noble Gas Analysis: Two different procedures were followe d in 
melting the sam p les to obtain the noble gases. Noble gases we r e ex -
tracted from samples of tellurobismuthite and umang i te b y heat ing the 
samples under vacuum to 1600°C in a molybdenum cr u cible . T he t e l-
lurium and potassium iodide samples were mounted in a V yco r t ub e 
attached to the vacuum system. The noble gases were r em o ve d b y 
heating with a resistance heater, first at a low temperatur e ( ;:::; 150°C) 
and later at a high temperature{;:::; 700°C) to r e l ease t h e tr a pped gases . 
Noble gases in both temperature fraction s w e r e a n a l y z ed , but anom-
alous xenon was observed only in the 700° C f r act ion . D etails of these 
procedures may be found in Srini vasan e t a l. {1972 a ), a nd t he methods 
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of data acquisition and reduction em p loyed in this laboratory have been 
given by Alexander and M anuel (1967). 
Selenium Analysis: The selenium content of the tellurobis-
muthit e samples was determined spectrophotometrically using the 
method described by Cheng (1956). The selenium content of the denser 
fraction of umangite was determined gravimetrically. 
R esults and Discussion 
The results of our analyses for krypton and selenium a re shown 
in Table 1. The background signal was negligibly sn1all 1n com p a rison 
to the sample signal at all krypton isotopes except Kr 7 8, which is 
therefore not reported. The isotope ratios have been corrected for 
n 1ass discr iinination as d etermined frorn analyses of air spikes 
(Alexander and M anuel, 1967). The errors on the isotope ratios result 
from statistical fluctuation in the spectrometer signal obs e rved during 
the analyses and represent one standard deviation (a-) . The errors on 
the gas content result f rom variations in the sensitivity of the mass 
spectrorr1eter as measured by air spikes. We estimate that the results 
of our photometric a nalyses for selenium in tellurobismuthite are 
reproducible to ± 10% and that the results of our gravimetric a nal ys is 
for selenium 1n un1angite are re producible to ± So/o. 
In processing the krypton dat a we assume that Kr84 and Kr 86 
are a mixture of atmospheric kr ypton (Nief, 1960) and a fission 
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component from the spontaneous fission of u 238 with Kr83 :Kr84 :Kr86 = 
0. 27:1.00:7.80 (Young and Thode, 1960). With this assurnption, the 
fraction of Kr 84 which is due to spontaneous £iss ion , 
(Kr 84 ) /(Kr84 ) , can be expressed by the following equation: 
s.£. obs. 
86; 84 86; 84 (Kr Kr >s. £. - {Kr Kr >atmos. 
{ 1) 
where the subscripts s. £., obs., and atmos. indicate ratios from spon-
taneous fission, ratios observed, and ratios in the atn~. osphere, respec-
tively. Since the ratios on the right hand side of equation {1) a re either 
measured or known values, the ratio (Kr 84>s.£./(Kr 84 ) 0 bs. can be cal-
culated. From this ratio and the relative yields of Kr 83 , Kr 84 , and 
Kr86 from the spontaneous fission of u 238 (Young and Thode, 1960), the 
contribution of £is sian to Kr 83 and Kr 8 6 can be obtained. The isotopes, 
Kr 80 and Kr8 2 , are not forrned in any appreciable an1 ount by the span-
taneous fission of u 23 8 due to shielding by Se80 and Se 82 , and there-
fore no fission correction is necessary for these two isotopes. In the 
case of sample 102 the (Kr 86 /Kr 84 )obs. ratio is atmos pheric and hence 
there is no need for correction fo r a £is siogenic component. After 
subtracting the fission component, a further correction is made by 
assuming that all of the rem a ining Kr84 is due to krypton with the iso-
topic composition of atmospheric krypton. Subtracting the fissiogenic 
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and atmospheric components as detailed above, there remains excesses 
of Kr 83 in samples 25. lB and 102 and a very small excess of Kr 80 in 
sample 25.1B. The amount of Kr8° is (9 ± l)lo-14 cc STPig, w hich 
might be attr ibuted to the reaction, Br 7 9{n, '{)Br80(~-)Kr80. From the 
isotopic abundances and the therrnal neutron cross -sections of Br 79 
and Br81 (Chart of the Nuclides, 1968), it is calculated that the forma-
tion of Kr 80 and Kr 82 by neutron capture reactions on bromine are in 
the ratio of 1. 0:0.29. Using this ratio we find that only 1. 7% of the ex -
cess Kr 82 in sample 25. lB could be due to the Br8l{n,'{)Br8 2 (~ -)Kr 82 
reaction. Since the magnitude of this correction is small and within the 
error limits of the Kr 82 excesses, we have n1ade no corrections for 
neutron capture reactions on Br 8 1. 
Table 2 shows the concentrations of excess Kr 82 and K r 8 3 
relative to selenium in our samples and in the umangite sample ana-
lyzed by Kirsten and Muller {1969). Also shown in the table a r e the 
excesses of Xel30 , Xe12 9, and Xe131 relative to tellurium in the two 
sarnples of tellurobis rn uthite as calculated from the results r eported 
by Srinivasan.::.!_ al. {l972b). The half-life of Se 82 re lative to that of 
Tel30 can be calculated directly from the data shown in Table 2 for tel-
lurobismuthite, assun1ing that the selenium and tellurium are of 
normal isotopic composition: 
ti7glt~f2 = 
[ { K r 8 2 IS e ) { 3 4 • 4 8 o/o) { 7 8 . 9 6 ) ] I [ ( X e 13 0 I T e ) ( 9 . 19 o/o) ( 12 7 . 6 ) ] (2) 
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In equation (2), 78. 96 and 127. 6 are the atomic weights of selenium and 
tellurium, respectively, and 34. 48o/o and 9.19% are the per cent iso-
topic abundances of Tel30 and Se8 2 , respectively. Equation (2) yields 
13 o 1 8 2 - 13 o I 8 2 -t 11 2 t 11 2 - 17 ± 5 for sample 25. 2A and t 11 2 t 11 2 - 10 ± 2 for sample 
25.1B. We believe that the latter value better represents the relative 
half-lives of Te130 and Se82 for the following reasons: (1) The statis-
tical error on the relative half-lives is smaller for sample 25. lB. 
(2) The concentration of atmospheric krypton is about 20 times smaller 
in sample 25.1B than in sample 25. 2A and the concentration of atmos-
pheric xenon is about 30 times smaller in sample 25.1B than in sample 
25. 2A. This causes a greater amount of atmospheric correction in 
sample 25. 2A, and thus the measured anomalies at Xe13 0 and Kr 82 are 
more likely to be effected by nonstatistical errors. 
The previously reported values for the half-life of Tel3 0, t}]~, 
are between 0. 82 x 1021 and 3.1 x 1021 years (Takaoka and Ogata, 1966, 
Kirsten et al., 1967; Gerling et al., 1968; Kirsten et al., 1968; 
Alexander et al., 1969; Srinivasan~ al., 1972a, b). These values 
combined with the ratio of t}]gltff2 calculated above for sample 25.1B 
suggest that the half-life of Se82 is between 0. 82 x 1020 and 3.1 x 1020 
years. However, all estimates for the half-life of Te130 from analyses 
made in our labor atory have yie lded 2. 0 x 10 21 years< ti]~ < 3.1 x 10 21 
years (Alexander~ al., 1969; Srinivasan~ al., 1972a, b), and recently 
Srinivasan et al. (1972a) have calculated ti]~ = (2. 83 ± 0. 30)10 21 years 
from analyses of 2. 46 x 109 year- old tellurides from Kalgoorlie, 
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Australia. Srinivasan et al. (l972a) cite several reasons for accepting 
this half-life of Te130 : (l) The Kalgoorlie tellurides are the oldest tel-
lurides analyzed to date; (2) the xenon from these tellurides contained 
more radiogenic Xe130 relative to trapped Xe130 than did the x enon in 
any other tellurium minerals; and (3) the use of tl)~ = 2. 83 x 102 l years 
to date other tellurium minerals yielded Te130 - Xe13 0 ages that were 
concordant with geologic age estimates. Further, Srinivasan et a l. 
(1972b) have analyzed for xenon and tellurium in the tellurobismuthite 
sample 25.1B and obtained ti7~ = (2. 69 ± 0. 27)10 21 years, which is in 
good agreement with the value of tfJ~ obtained from analyses of 
Kalgoorlie tellurides. Use of the t}]~ values from tellurobism uthite and 
Kalgoorlie tellurides in equation (1) yields t~l2 values of 
{2. 69 ± 0. 60)1020 years and (2. 83 ± 0. 64)1020 years, respective ly. An 
average of these values for the half-life of Se 82 , tf[2 = (2. 76 ± 0. 88)10
20 
yea r s, is about twice the value of t~J2 reported by Kirsten and Muller 
(1969). 
In an attempt to understand the discrepancy between the a ppar-
ent half-life of S e 8 2 in tellurobismuthite and the value of t~J2 = l. 4 x 1020 
years as reported by Kirsten and Muller, we analyz ed for krypton and 
selenium in a sample of umangite from the same region as the sample 
studied by Kirsten and Muller (1969). Our results (See T a ble 2.) show 
a much lower Kr82 /Se ratio than that reported by K irsten and Muller 
(1969). Using the value of t~f2 = (2. 76 ± 0. 88)1020 years and the 
Kr82Jse ratio from Table 2, we estimate the K r 8 2 /se8 2 age of 
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umangite sample 102 to be {1. 6 ± 0. 5 )10 8 years. This is ne a r the low e r 
limit of the geologically expected range for the Variscan orogeny 
(Kirsten a nd Mulle r, 1969). Since we observed a lower Kr 82 /Se ratio 
in umangite sample 102 than that reported by Kirsten and Muller, the 
results of our analysis of this ore seen1 to support our view that the 
half-life of S e 82 is greater than that r e ported by Kirsten and Muller 
(1969). 
The orig in of excess Xe 12 9 and Xe 131 in tellurium or es has b een 
the subj ect of considerable speculation (Inghran1 and R eynolds , 1950 ; 
Kir sten et al., 1967; Takagi et al., 1967 ; A lexander e t al. , 196 9). 
Srinivas an et al. {1972b) recently report e d a comprehensive study of 
xenon isotopes in fo ur different sample s of t ellurobismuthit e f rom 
Boliden, Sweden, a nd conc luded that in situ nuclear reactions on tellu-
rium are r es ponsible for the excess Xel2 9 and Xel31, rather than the 
incorporation of anomalous xenon or of r12 9 into the ore during its for-
mation. Our measurement of excess Kr 8 3 and sele nium in this ore can 
be used to compare the effects of neutron capture reactions by sele nium 
a nd tellurium. 
Kirsten and Muller {1969) attributed the Kr8 3 excess in their 
umangite sample to the spontane ous fission of u 238 and to the reactions 
umangite sample used in o ur study does not show any contribution from 
spontaneous fission , and thus w e attribute e x cess Kr 83 to the neutron 
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For tellurobismuthite sample 25.1B, the presence of 1. 30 x 10-ll 
cc STP of excess Kr 83 per gram of selenium (Table 2) would corre-
spond to 2. 1 x lo-10 cc STP of excess Xe12 9 per gram of tellurium if 
these two noble gas isotopes result from thermal neutron capture on 
selenium and tellurium of normal isotopic composition (Chart of the 
Nuclides, 1968). This value compares favor ably with the observed 
value, 1. 8 x 10-lO cc STP of excess Xe 129 per gram of tellurium (T a ble 
2). Similar calculations carried out for the production of Xe 131 in sam-
ple 25. lB yield a value which is 3. 7 times higher than the observed 
value, 6. 4 x 10-ll cc STP of excess Xe 131 per gram of tellurium. 
Since this discrepancy seemed to imply that the accepte d value 
for the therrnal neutron capture cross-section of Te130 may be too high, 
an experiment was devised to measure directly the Xe 131 produced by 
neutron capture on Tel30 in chemically pure tellurium. The relative 
abundance of xenon isotopes can be detected mass spectrometrically 
with high precision. Therefore, the tellurium was mixed with potas-
sium iodide so that the irradiation would produce Xe131 ~:~ from the 
Tel3 O(n, l') Tel31( f3- )1131(13- )Xel3}>!< reaction and Xe12 8~:~ from the 
rl27(n,'()ll28(~-)Xel28* reaction. Our experiment was designed to estab-
lish the cross-section of Te130 relative to that of 1127 , and the results 
are shown in Table 3. All observed isotope ratios are within± 1 <T of 
( N · 19 5 o) f · x 12 8 ~:~ 1 13 6 atmospheric xenon 1er, except or the rat1os, e Xe 
and Xel31* /Xe136. 
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From the weights of tellurium and potassium iodide used in this 
exper iment, the relative isotopic a bundances, and their neutron capture 
cross-sections (Chart of the Nuclides, 1968), we calculate that captur e 
of thermal neutrons will produce Xe 12 8~:</xel3l~:~ = 1. 02 in sample 1 and 
Xel2 8 ~:< /Xel31~:< = 1. 06 in sample 2. The observed ratios, Xel28~:~ /Xel 3 1 ~:~ = 
1. 3 7 in sample 1 and Xel2 8 ~:< /Xe 131 ~:< = 1. 38 in sample 2, a re about 30o/o 
higher than the predicte d ratios. But this discrepancy is minor c o m-
pared to the difference of nearly a factor of 5 between the an1ounts pr e -
dicted from the r e lative cross -sections of Te130 and Tel28 whe n com-
p ared to the relative amounts of excess Xe 13 1 and Xe 12 9 observe d in 
tellurium ores (Inghr am and R eynolds, 1950; Kirsten et al., 19 67; 
Alexander~ al. , 1969 ; Srinivas an~ al., 1972b). Our samples w e r e 
irradiate d a pproximately one foot frorn the r eactor core , and t he 3 Oo/o 
enhancen1ent of xel28~:~ I Xe13 P :< ratio over that expected from thermal 
neutron capture is probably due to the very large res onance cross-
section of Il27 for higher energy neutrons (Neutron Cross Sections, 
1966). Thus, it appears that differences between the obs e rv e d and th e 
predicted abundances of excess Xe131 relative to exc ess Xe12 9 in tellu-
rium or es cannot be a ttributed to any major error in the therm a l n e u-
tron capture cross-section of Te 13 0 . The ref ore the eros s- sections 
assumed for Tel28 and Se82 may be too low. 
It should be emphasized that although the r e l a tive amounts of 
Kr83, Xel29, and Xel31 in tellu robismuthite are not exactly those pre-
dicted from presently accepted neutron capture cross -sections, the 
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an'lount of excess Kr 83 in this ore lends credence to the hypothesis tha t 
neutron capture reactions have played an important role in the produc-
tion of these noble gas isotopes in tellurium- and selenium-rich ores. 
In granitic rocks the decay of uranium and thorium produces a natur a l 
neutron flux of :::::: 10 neutrons I cm 2 year {Morrison and Pine, 1955). 
Cosn'lic rays produce a natural neutron flux of :::::: 5 x 104 neutrons I cm2 
year in surface rock {Yamashita~ al., 1966), but this flux v a nishes 
after the first few meters with an adsorption mean free path of about 
150 glcm2. The tellurobismuthite san1ples used in this study were 
taken between 200 and 250 meters below the s urface {H. Zweifel, per-
sonal communication, 1972}, but the an1ount of excess Kr 83 in telluro-
bismuthite sample 25.1B implies an average neutron flux of 6. 9 x 103 
neutrons I cm 2 year over the age of this or e , 1. 56 x 109 ye a rs {Kirsten 
et al., 1967; Srinivasan et al., 1972b). The anomalously high neutron 
flux on this ore may be due to the occurrence of the radioactive mineral, 
thucholite, in the Boliden mine {Wirstan 1 and Grip, 1970). We do not 
have information on the depth of the um a ngit e sa1nple below the surface, 
but an age of 1. 6 x 109 years for umangite sampl e 10 2 and the amount of 
excess Kr83 in this or e imply an aver a ge neutron flux of 2. 4 x 105 neu-
2 trons I em year. 
Summary 
The half-life of Se8 2 relative to that of Te130 has been 
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determined to be tfl2 lt}J~ = 0. 10 ± 0. 02 from analysis of tellurobis-
muthite from Boliden, Sweden. Our results and previous estimates of 
the half-life of Te130 define the half-life of Se8 2 , t 81
2 
= (2. 76 ± 
1 2 
0. 88)10 20 years. 
It is shown that the average neutron flux to which tellurobis-
muthite must have been exposed in order to generate the observed 
is sufficient to account for a ll of the excesses of Xel29 and Xel31 in this 
ore by similar neutron capture reactions on tellurium. The discrep-
ancy between the observed ratio of excess Xe 12 9 to excess Xel31 and 
the ratio predicted from capture of thermal neutrons on telluri um is 
not due to an error in the neutron capture cross-section of T e 13 0. The 
natural neutron flux to which the ores analyzed in this study have been 
exposed is about three or four orders of magnitude greater than the 
average neutron flux reported for granitic rocks. 
The umangite from Habri, Western Mor avi a , was dated using the 
S e 82_Kr82 dating method. The resultant age, (1. 6 ± 0. 5) 108 years, is 
slightly less than the expected geologic age for the Variscan orogenc y . 
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Kr 84 Content 
Selenium 
Content 
Tellur o bismuthite 
Sample 25. 2A 
0. 04 1 ± 0 . 0 0 1 
o. 215 ± 0. 003 
0. 202 ± o. 002 
=1. 00 
0. 3 12 ± 0. 0 03 
(1. 38 ± o. 11)lo-10 
cc STP/g 
1.15% 
Sample 25. lB 
0. 055 ± 0. 002 
0. 454 ± 0. 009 
0. 234 ± 0. 008 
=1. 00 
0 . 3 13 ± 0 . 0 04 
(6. 30 ± 0. 52)lo-12 
cc STP/g 
l. 55% 
t Calculated from results reported by Nief (1960). 
Umangite 
Sample 102 
< 0. 041 
-
0. 279 ± 0. 003 
o. 546 ± 0. 004 
::1. 00 
0. 305 ± 0. 001 











Table 2. Concentrations of Excess Noble Gas Isotopes Relative to Parent Element (cc STP/g) 
Isotope I P arent Tellurobismuthite Sample 25. 2A Sample 25. lB 
Umangite t Sample Sample 102 
Kr 82 /Se { 1. s6 ± o. 41) x lo-10 ( 1. 02 ± o. 14) x lo-10 { 1. 03 ± o. 08) x 10-11 3.88xlo-ll 
Kr83 /Se {O. o ± 2.4) x lo-11 {1. 30 ± o. 37) x Io- 11 {4. 60 ± 0. 32) X 10-ll 6. 20 x Io-10 
Xe 130 /Te:f: {2.08 ± o.21) x lo- 11 (2. 38 ± o. 23) x lo-11 
------------------ ----------
Xe129/Te* ( 1. 64 ± o. 16) x lo-10 {1. 79 ± 0.17) x lo-10 
------------------ ----------
Xe 13 1 /Te :f {5 . 68 ± o. 56) x lo-11 (6. 38 ± o. 62) x lo-11 
------------------ ----------
t Calculated from results reported by Kirsten and Muller (1969). 











Table 3. Xenon Isotopes from Neutron Capture on Tellurium and Iodine 
Atmosphere 
Sample No . 1 
Observed Excess 
Sample No. 2 
Observed Excess 
0.2 30 . 3 ± 0. 4 30. 1 ± 0. 4 29.7±0.4 29.5 ± 0.4 
2.98 3. 01 ± 0. 04 
---------
3. 02 ± 0. 04 
---------
0.460 0.468 ± 0. 011 
---------
0. 458 ± 0. 010 
---------
2.39 24.4 ± 0. 3 22.0±0.3 23. 7 ± 0. 3 21.3 ± 0.3 
3.03 3. 04 ± 0. 04 
---------
3. 07 ± 0. 04 
---------
l. 18 l. 17 ± 0. 02 
---------
l. 18 ± 0. 02 
---------
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